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Rice quality is largely measured by head rice yield (HRY), which is the mass percentage of rough rice kernels that remain as head rice, or rice that is three-fourths of a kernel length or longer after milling (USDA 1997) . As the price of rough rice is determined largely by HRY, it is of economic concern that HRY is maximized. While HRY is determined in part by production practices, HRY can vary inexplicably from year to year and often from field to field, making it difficult for producers to predict income and for processors to maintain a consistent end product.
Variations in growth temperature could be a cause of quality variation. Studies investigating the effects of temperature on kernel development have indicated that higher temperatures during the grain-filling stage of plant development result in a decrease in kernel mass, a decrease in kernel dimensions, and an increase in the number of chalky kernels Tashiro and Wardlaw 1991) . Lower growth temperatures result in an increase of amylose content in rice cultivars with low amylose content, and in a decrease of amylose content in rice cultivars with high and intermediate amylose content, sometimes changing the cultivar's amylose class, depending on the temperature treatment (Resurreccion et al 1977; Paule et al 1979) .
Most research studying the effect of temperature on rice quality has been performed using controlled temperature chambers. This approach is limited in that it does not necessarily reproduce field conditions. It would be useful to use field data to study the effect of temperature on HRY, most particularly to use replicative data that historical data sets can provide. Historical data analyses have shown that growth temperature can affect rice yield (Downey and Wells 1975; Peng et al 2004) , however historical data sets have been utilized to estimate the effects of growth temperature on rice quality. As environmental temperatures during grain filling have the most effect on rice starch structure and thereby rice quality (Asaoka et al 1984) , perhaps being able to pinpoint these stages of kernel development within a set of historical weather data would provide more information regarding effect of temperature on rice quality.
The staging system of Counce et al (2000) provides a means of estimating reproductive stage within historical weather data. This staging system classifies the vegetative (V) physiological stages of rice plant development by the number of leaves on a rice plant.
Reproductive (R) physiological stages are classified by the development of the main stem panicle. In the R0 and R1 stages, panicle initiation and the formation of panicle branches, respectively, are invisible to the naked eye, because these developments occur inside the leaf sheaf. R2 is characterized by the visible formation of a collar on the flag leaf of the main stem. The stage at which the panicle emerges from the stem, which is known as "booting" or "50% heading", is termed R3 in the Counce system. R4, "flowering" or anthesis, occurs when one or more florets on the main stem panicle have reached anthesis. R5 occurs when at least one caryopsis on the main stem starts to fill with starch. The start of the grain-filling stage is termed R6, when at least one caryopsis on the main stem panicle has completely lengthened to the end of the hull. The appearance of one yellow hull and the appearance of one brown hull on the main stem panicle are termed R7 and R8, respectively. The end of maturation is R9, when all of the kernels that reached R6 have a brown hull.
The objective of this study was to analyze a set of historical weather and quality data to determine whether the average low and average high temperatures at individual projected reproductive growth stages were related to HRY.
MATERIALS AND METHODS

HRY Data
A 17-year data set (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , which included HRY and the number of days to 50% heading for two long-grain cultivars, Newbonnet and Lemont, was compiled using rice produced in field plots at the Rice Research and Extension Center, Stuttgart, AR, following consistent protocols from year to year. At maturity, rice was harvested and dried using 35°C air until the rice reached 12.5% moisture content (MC, wb). HRY was determined by mechanical dehulling (THU, Satake, Tokyo, Japan) 125 g of dried rice to obtain brown rice, then milling the brown rice in a laboratory mill (McGill #2, RAPSCO, Brookshire, TX) for 30 sec. Head rice was then separated from the broken kernels using a sizing device (Seedburo Equipment Co., Chicago, IL). HRY is expressed as the mass percentage of head rice to the original 125 g of rough rice.
Weather Data and Degree-Day Determination
Weather data from 1983 to 1999 was obtained from the USDA weather station at Stuttgart, AR. The data set included the daily high and low temperatures, the two data points necessary to calculate the number of degree days >50°F (DD50). In Arkansas, DD50 is mainly used to estimate the timing of nitrogen fertilizer application and other production practices. DD50 is calculated as {[(Daily max temp (°F) + Daily min temp (°F)) / 2] -50°F} × 1 day (1) where daily maximum temperature = 94°F if maximum temperature is >94°F and daily minimum temperature = 70°F if minimum temperature is >70°F.
DD50 describes one day of thermal growing potential based on air temperature (Keisling et al 1984) . Equation 1 assumes that the rate of plant development is constant when the daily maximum air temperature is ≥94°F, and when the daily minimum air temperature is ≥70°F.
Estimation of Developmental Stages
The 50% heading date, or R3 stage, was included in the data set, from which point the daily DD50 values were accumulated for each year from 1983 to 1999. Cultivars Lemont and Newbonnet had been previously "staged" according to the procedure of Watson et al (2005) . This procedure consists of cultivating plants of a particular cultivar and monitoring the number of degree days necessary to reach each developmental stage. Using the reproductive staging data for Lemont and Newbonnet (Table I) , the dates of the start of stages R4 through R8 were estimated for each year and cultivar. The average low temperature and the average high temperature were then calculated for the duration of each growth stage for each year. Harvest date data was not available and thus the duration of R9 could not be determined; therefore, the average high and low temperatures during this stage of development were omitted as variables in the regression analysis.
Statistical Modeling
For all of the 17 years of data, the average low and the average high temperatures during each developmental stage of each cultivar and the HRY data were correlated using partial least squares regression (PLSR) software (Unscrambler, v. 7.5, CAMO, Oslo, Norway). Simply put, HRY was predicted using the average low and high temperatures during the R6, R7, and R8 rice developmental stages. Inclusion of R4 and R5 high and low temperature data had little effect on HRY modeling and the R 2 of the models increased when these variables were excluded. Therefore, R4 and R5 temperatures were removed from the models. PLSR was employed to avoid data over-fitting that would have resulted from least squares regression. Independent variables (i.e., average low and high temperatures at the grain-filling growth stages) were standardized before analysis to give all variables equal possibility to influence the model, regardless of temperature magnitude or variance across years. After simplification, the PLS model can be written as Y = β 0 + β 1 x 1 + β 2 x 2 +β 3 x 3 + β 4 x 4 + β 5 x 5 + β 6 x 6
(2)
where Y = HRY, β o = intercept, β n = regression coefficients of the independent variables, x 1 = average high temperature during R6, x 2 = average low temperature during R6, x 3 = average high temperature during R7, x 4 = average low temperature during R7, x 5 = average high temperature during R8, x 6 = average low temperature during R8. Model fit was assessed using HRY-predicted versus HRY-observed plots. Predicted values were obtained by determining the β n values using the entire 17-year data set and then using the model to predict the HRY value for a given year based on the given x values for that year. If the model is accurate, the predicted HRY values should be close to the observed values and should result in a high R 2 value. The regression model was also cross-validated using full cross-validation, a procedure in which each year's HRY value was removed, one at a time, from the sample set; the regression model was recalculated, and a predicted value was calculated for the removed observation using the new model (i.e., 16 observations instead of 17). The cross-validation technique measured the extent to which a given year's HRY value can be predicted based on a regression model constructed without that year's data point. Additionally, root mean square errors of calibration (RMSEC) and prediction (RMSEP) were computed as estimates of the average prediction error.
RESULTS AND DISCUSSION
Sources of Error in the Data Set
Because the collection of this data occurred over a 17-year period, it is impossible to guarantee that the same personnel cultivated, harvested, dried, and milled samples, thus some error can be expected. Also, the data set did not include a value for harvest MC (HMC). Very high HMC (>22%) can indicate that the rice bulk contains a large amount of immature kernels, many of which do not survive the milling process intact , and low HMC indicate a potential for moisture adsorption that promotes fissuring (Siebenmorgen et al 1992) . Both of these situations can cause HRY reductions. Therefore, because HMC could not be accounted for in this analysis, one would expect an inherent amount of variability in HRY values. Figure 1A shows a plot of the predicted values of Lemont HRY plotted against the observed values, with model statistics summarized in Table II . The Lemont model explained 65% of the variation in HRY. However, the validation R 2 was 0.174 and the RMSEP was 8.2, meaning that the model might not accurately predict HRY based on temperatures during R6, R7, and R8 of future years. The weighted regression coefficients of the independent model variables were plotted in Fig. 2A , which show the relative influence of each independent variable on HRY. Negative coefficients indicate a reduction, while positive coefficients indicate an increase, in HRY with an increase in a particular independent variable. Figure 2A indicates that high daily temperatures during the beginning of the grain-filling period (R6) reduced Lemont HRY, while high daily temperatures toward the end of the grain-filling period (R7 and R8) led to an increase in HRY. Overall, the most influential factor on Lemont HRY was the effect of average daily low temperature during R8 (as the nighttime temperature during R8 increased, HRY decreased).
HRY Regression Analysis
The same analyses performed on Newbonnet data indicate a trend similar to that of Lemont. Figures 1B and 2B show the predicted versus observed plot and the weighted regression coefficient plot, respectively, of the model explaining the effect of daily high and low temperatures during grain filling on Newbonnet HRY. The model statistics (Table II) showed that the independent variables in the model explained 73% of the variation in Newbonnet HRY. The validation R 2 of 0.433 was higher than that of the Lemont model, showing that the temperature variables would be reasonably good predictors of Newbonnet HRY in future years. Figure 2B indicates that, like the HRY of Lemont, high day temperatures during R6 adversely affected Newbonnet HRY, while high day temperatures during R7 and R8 led to an increase in HRY. As in the Lemont analysis, the most influential factor was the high nighttime temperature during R8 that was the most detrimental to HRY. A model was fit to the combined HRY and temperature data of both the Lemont and Newbonnet cultivars (Fig. 1C) . The model Fig. 2 . Plot of weighted regression coefficients when average low (night) and average high (day) temperatures during rice developmental stages (Counce et al 2000) . Regression model explaining head rice yield for (A) Lemont, (B) Newbonnet, and (C) Lemont and Newbonnet combined data. R6 begins when at least one caryopsis on the main stem panicle has completely lengthened to the end of the hull, R7 begins with the appearance of one yellow hull, and R8 begins when the appearance of one brown hull on the main stem panicle.
explained 50% of the variation in HRY, with a validation R 2 of 0.296 (Table II) . The regression coefficients reveal the same trend as the model constructed for the individual cultivars (Fig. 2C) , in that high daily temperatures at R6 were detrimental to HRY while high day temperatures at R7 and R8 increased HRY. Again, most significant of all was the inverse relationship between average nighttime temperature during R8 and HRY. Alone, the average nighttime temperature during R8 explained 26% of the variation in HRY (Fig. 1D , Table II). R8 begins when a single kernel on the main stem turns golden in color (Counce et al 2000) and yet main stem kernels account for ≈10% of all of the kernels produced by a rice plant, which may have many tillers that make a considerable contribution to yield (Holloway et al 1995) . During R8, all kernels on the main stem panicle, which develops before other panicles on the rice plant, should be at R8, R7, or the end of R6, while the kernels on the tiller panicles could still be at R6 or R5. The effect of temperature at any particular stage of development on HRY would be the collective result of the response of all kernels, including those at previous developmental stages. It follows, therefore, that while the results of this historical data analysis show that high nighttime temperatures during R8 adversely affect HRY, it may actually be the effects of temperatures on kernels at R6 (while the kernel is actively producing starch) that truly affect HRY, as HRY is determined by a composite of individual kernel properties.
High nighttime temperatures could possibly have caused an increase in respiration during the non-daylight hours and subsequently the loss of carbohydrate from the kernel. Peng et al (2004) found that increased nighttime temperatures throughout the growing season were directly correlated to decreased rice crop yield. In a controlled temperature study, Counce et al (2005) found that an increase in nighttime temperatures during R6 through R9 resulted in a decrease in HRY as well as a decrease in the long B chains of amylopectin in rice starch granules. In might follow then, that the high nighttime temperatures could be affecting the rate of starchfilling enzymes, thereby affecting starch structure and kernel strength, and thus HRY.
CONCLUSIONS
The results of this analysis indicate that the nighttime temperatures during the R8 growth stage could have a significant negative effect on HRY. Moreover, high day temperatures during the beginning of grain filling (R6) were detrimental to HRY, while high day temperatures at the end of grain filling (R7 and R8) increased HRY. However, as the staging system of Counce et al (2000) accords a developmental stage to a rice plant based on the status of the most mature kernel on the main stem, the effect of temperature at any particular stage of development on HRY could be the collective result of the response of all kernels still at previous developmental stages.
In the historical data set, the R8 growth stage was estimated to span a period of 12-14 days between mid-August and mid-September. Southern U.S. producers might consider either planting their rice crop earlier in the season, or planting an early-maturing cultivar that would result in the R8 stage of development falling in July, a typically cooler month, which might prevent HRY reductions associated with high temperature nights during grain filling.
